Abstract-The paper reports on the fabrication and characterization of high-resolution strain sensors for structural materials based on Silicon On Insulator flexural resonators manufactured by polysilicon Low-Pressure Chemical Vapour Deposition vacuum packaging. The sensors present sensitivity of 164 Hz/με and strain resolution limit of 150 pε on steel for a measurement time of 315 ms, in both tensile and compressive strain regimes. The readout of the sensor is implemented with a transimpedance oscillator circuit implemented on Printed Circuit Board, in which a microcontrollerbased reciprocal frequency counter is integrated. The performance of the sensors on steel are investigated for measurement bandwidths from 1.5 to 500 Hz and a comparison with conventional metal strain gauges is proposed.
I. INTRODUCTION
Strain sensors are widely employed in many fields of engineering in order to quantify the surface deformation of structural materials [1] . Such measurements are of paramount importance in order to determine the effect of mechanical load on a structure, evaluating its strength and resistance, and are widely applied in civil, mechanical and biomedical engineering [2] - [4] . The most widespread technology presently adopted for surface strain sensing on structural materials is metal strain gauge technology, which relies on the change in the electrical resistance of a thin metal film patterned on a plastic foil [5] . In these sensors, the electrical resistance changes due to the geometry variation in the metal pattern induced by the strain transmitted to the substrate by the underlying structure, on which the sensor has to be firmly attached, usually by glue. In order to produce an appropriate sensing signal, the sensors are commonly included in a Wheatstone bridge configuration with other reference resistors, so that the resistance variation induced on the strain gauge can be converted into a change of the bridge output voltage. In such conditions, the differential voltage signal Vout measured on the output of a balanced bridge composed by one sensor and three reference resistors can be expressed as:
where ε is the strain along the gauge axis, Vdd the supply voltage of the bridge and GF the gauge factor of the sensor, defined as the relative resistance variation per unit applied strain on the gauge. It can be shown for metal strain gauges that the following equation relating bandwidth (Δf) and noise-equivalent strain (NES) at temperature Ta can be obtained [6] :
From eq. (2) , in which k is the Boltzmann constant, it clearly appears that the product between the inverse of the resolution limit of the strain sensor (which can be identified with the NES) and the square root of the measurement bandwidth is limited by the physical properties of the strain gauge (GF and R) and by the allowed voltage supply of the bridge (Vdd). This means that, using metal strain gauges, high resolution can only be reached by limiting the measurement bandwidth. On the other hand, if large measurement bandwidths are needed, resolution must be sacrificed. Eq. (2) also shows the correlation between power consumption and performances since, given the electromechanical properties of the strain gauge (GF and R), the only way to increase the value of the right hand member of eq. (2) is increasing Vdd and therefore the power consumption of the bridge. As a consequence of that, depending on the target resolution and bandwidth, the power consumption needed using conventional metal strain gauges can be rather high. Such limitation is particularly restrictive in applications involving battery operated systems with high-throughput data logging or performing long-term measurements. In order to overcome these limitations, the use of Micro-Electro-Mechanical-System (MEMS) flexural resonators as strain sensors for structural materials has been proposed, dating back to the research work carried out for micromachined quartz resonant sensors [7] [8] [9] [10] . More recently, researchers from the University of California at Berkeley developed DETF resonators operated in air driven by square-wave oscillators, and explored possible applications related to strain sensing on structural materials with such devices [11] - [14] . Another example of silicon DETF strain sensor operating at atmospheric pressure has been recently reported in [15] , whereas other materials such as silicon carbide and aluminum nitride have been investigated for similar purposes [16] , [17] . Compared to operation in air, the use of the resonator in vacuum environment promises better performances thanks to the elimination of gas damping effect [18] , [19] . However, a durable vacuum packaging on strain sensors bonded on steel is not easily achievable by hybrid packaging techniques, as described by our group in previous research [20] - [22] . In this paper, a possible solution for the problem of vacuum packaging is proposed, based on the fabrication of Silicon On Insulator (SOI) flexural resonators with wafer-level vacuum packaging obtained by Low-Pressure Chemical Vapour Deposition (LPCVD) sealing [23] . The paper is organized as follows. In Section II, the fabrication process is described. Section III reports on the readout electronics of the resonators implemented on a Printed Circuit Board (PCB). Test results on the sensor prototypes are described in Section IV and discussed in Section V. Some conclusions are finally presented in section VI.
II. DESIGN AND FABRICATION
The strain sensors were fabricated starting from four-inch SOI substrates with 25 μm thick device layer, 2 μm thick buried oxide and 500 µm thick handle layer. Both the device and handle layers were heavily doped n-type using phosphorus for the device layer (resistivity in the range 0.001-0.005 ohm cm) and antimony for the handle layer (resistivity in the range 0.005-0.008 ohm cm). The process flow described in the following section was adopted to manufacture the sensors.
A. Fabrication process flow
First, a 1.5 µm thick SiO2 layer is deposited by Low-Pressure Chemical Vapour Deposition (LPCVD). Next, the geometry of the resonator is patterned on SiO2 by Reactive Ion Etching (RIE) during process steps 2 and 3 in Fig. 1 . On the pattern, a gap narrowing procedure is executed in order to increase the transduction efficiency and lower the motional resistance (step 4), before micromachining of the SOI device layer by Deep Reactive Ion Etching (DRIE) at process step 5. The gap narrowing effect is obtained by creating a spacer on the sidewalls of the SiO2 features created at step 3 by polysilicon deposition followed by thermal oxidation and RIE etchback, as described in [24] . The micromachined geometries are then planarized by an 8 µm thick deposition of silicon oxide by LPCVD (step 6). On the planarization layer, 11 µm wide trenches are subsequently etched by Inductively Coupled Plasma (ICP) for SiO2 up to the SOI device layer (step 7). These trenches created all around the pads of the DETF devices on the thick SiO2 layer are then completely filled by the polysilicon/Si3N4/polysilicon triple stack LPCVD deposition performed at step 8, creating a lateral stop barrier for SiO2 etching that is exploited as a guard ring around the pad areas of the resonators. In this way, the risk of loosing vacuum integrity through the pad apertures for excessive sacrificial SiO2 etching during the release of the resonators performed at process step 12 is avoided. The thicknesses adopted for the encapsulation layers are 2.5 µm for level 1 polysilicon, 300 nm for Si3N4, and 4.5 µm for level 2 polysilicon. In the stack, silicon nitride is introduced in order to compensate compressive strain in LPCVD polysilicon and avoid buckling of the encapsulation, which could be dangerous for its mechanical integrity.
After deposition, small circular holes are drilled in the stack by DRIE (step 9) in order to allow the release of the resonators by SiO2 hydrofluoric acid vapor etching at process step 12. Before HF etching, another gap narrowing procedure is performed on the drilled holes (step 10), aimed at limiting the amount of undesired polysilicon deposited inside the vacuum package during LPCVD sealing by the 3 µm thick polysilicon deposition executed at step 13. Moreover, the pads of the resonators are also etched through all the passivation and encapsulation layers by Si DRIE and SiO2 ICP before release (process step 11). After sealing the resonator encapsulation by polysilicon deposition (step 13), isotropic plasma Si etching is utilized to selectively remove undoped polysilicon from the pad areas (step 14). A 500 nm thick Al/Si film (with 2% of silicon) is finally deposited and patterned on the pads in order to provide electrical contacts on the resonators and allow easy wire bonding of the prototypes.
In the described process, SiO2 RIE at step 3 is executed by capacitively coupled plasma based on CHF3 at a pressure of 38.5 mTorr with a gas flow of 25 sccm; Deep Reactive Ion Etching of silicon, utilized at process step 7 for micromachining of the SOI device layer and at process steps 9 and 11 for etching the polysilicon/Si3N4 triple stack, is carried out using a Bosch recipe based on SF6 and C4F8, providing a Si etch rate around 5 µm/min, at a pressure of 30 mTorr with a gas flow of 300 and 150 sccm for SF6 and C4F8 respectively; SiO2 ICP etching at steps 7 and 11 is executed using a C4F8 recipe at a pressure of 4 mTorr with a gas flow of 17 sccm; HF etching utilized at step 12 for the release of the resonators is performed by placing the wafer over a cold 49% wt concentrated aqueous HF solution applying controlled heating to maintain the substrate at 40 °C for about 16 hours; Al/Si etching at step 16 is carried out by commercial aluminum etching solution from Fujifilm, a 16:1:1:2 H3PO4:CH3COOH:HNO3:H2O mixture, heated at 35 °C. SiO2 depositions by LPCVD at steps 2 and 6 are performed from SiH4 and O2 at 180 mTorr and 420 °C, with gas flows of 82 and 120 sccm for SiH4 and O2 respectively; undoped polysilicon at steps 8 and 13 is deposited from SiH4 at 160 mTorr and 595 °C, with a gas flow of 80 sccm; Si3N4 at step 8 is obtained from SiH2Cl2 and NH3 at 160 mTorr and 780 °C, with gas flows of 27 and 120 sccm for SiH2Cl2 and NH3 respectively. Lithography at steps 3, 7, 9, 11 is executed by Fujifilm OiR908-35 4 µm thick fotoresist, whereas, at steps 14 and 16, Fujifilm AZ9260 10 µm thick photoresist is utilized.
B. Layout design
The typical design adopted for the strain sensors was the Double-Ended Tuning Fork (DETF) geometry shown in 2 . The operating principle of the device relies on the fact that the mechanical resonance frequency of the DETF changes upon application of axial strain; consequently, a strain sensor can be realized by integrating the resonator in a closed loop configuration as a strain-dependent oscillator. The main geometrical parameters of the resonator layout indicated in the figure are the overall length of the tuning fork (Lt), the width of the resonator tines (Wt), the width and length of the anchors (Wa and La, respectively), the diameter of the release holes (Dh), their spacing (Lh), the length of the parallel-plate actuation electrodes (Le) and their air gap (Wg). The values adopted for these parameters in the design of the strain sensors are reported in Tab. 1.
The Scanning Electron Microscope (SEM) image of the cross section of a fabricated sensor prototype, obtained by dicing, is reported in Fig. 3 by way of example. 
III. READOUT ELECTRONICS
The DETF resonator was driven by a closed loop oscillator circuit in order to operate in self oscillation mode at the desired resonance condition and the strain-dependent oscillation frequency of the circuit was measured by a digital frequency counter. The full readout electronics required by the sensor was implemented on a Printed Circuit Board (PCB) designed to operate up to three resonators in parallel (Fig. 4) .
A. Analog readout
The analog circuit designed to drive the MEMS resonators in closed loop is schematically represented in Fig. 5 . A more detailed scheme is shown in the Appendix for the interested reader. 
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In the circuit, the AC current generated on the mobile electrode of the resonator is first amplified by an OPA320 wideband transimpedance amplifier with low bias current from Texas Instruments (TI) and then filtered in order to reduce noise using a second-order band pass filter centered on the resonance frequency of the device (implemented with an OPA890 amplifier from TI). The central frequency of the filter is selected using a digital potentiometer controlled through Serial Peripheral Interface (SPI) communication by the system microcontroller (PIC32MX250 from Microchip), which can be used to adapt the readout electronics to MEMS resonators with different resonance frequencies. Another stage (OPA890 amplifier from TI in comparator configuration) is finally employed on the band pass filter output to limit the driving voltage on the resonator, which is applied to the fixed electrodes by using a voltage divider. In this way, possible nonlinearities coming from excessive AC voltage amplitudes on the resonator are avoided. Within the voltage divider, a manual potentiometer is utilized to select the minimum AC voltage able to sustain oscillation, in order to avoid nonlinear effects coming from excessive actuation amplitudes. Before it is applied to the MEMS, the AC signal produced by the feedback loop is added to a DC bias voltage through a bias tee constituted by a capacitance and a resistance. In order to operate properly, the designed analog front-end needs to be applied to resonators with sufficient resonance peak height, able to produce a significant motional current on the electrodes during the start-up of the oscillation in the circuit. The quality (Q) factor of the employed resonators also affects the oscillator performance because high Q values improve noise rejection in the feedback loop, reducing the phase noise of the oscillator. The power consumption of the analog readout was around 12 mW per channel.
B. Digital readout
The digital frequency counter based on reciprocal frequency measurement reported in Fig. 6 [25] was implemented on the readout PCB in order to determine the oscillation frequency of the resonators operating in closed loop.
The measurement technique employs two digital counters. The first counter counts the edges of the MEMS oscillator voltage (M), the second one those of a high frequency reference clock (N) within a given acquisition time. A control circuit is employed to start the reference clock counter on the first rising edge of the input signal and stop it at the Mth one, according to the selected acquisition time.
After counting M wavefronts on the input signal over the acquisition time Taq, the average oscillation frequency f should be ideally calculated as:
Now, the idea behind the reciprocal frequency counter measurement is using the M-counter to exactly determine the wavefront number M and the N-counter to approximately estimate the acquisition time as
with Tc reference clock period. Since the N-counter is stopped by the control gate on the M th rising edge of the input signal, the acquisition time estimation expressed by eq. (4) will be affected by an error whose maximum value will coincide with the clock period Tc. By indicating such estimation error with ΔTaq, we may calculate the consequent error on the calculation of f from eq. Control gate
where Taq 0 is the exact value of the acquisition time and ΔTaq/ Taq 0 the relative error on frequency. Combining eqs. (3)- (5) and considering ΔTaq = Tc as a worst-case estimation of the error on acquisition time, we may write: and with Δf absolute error on frequency. As can be inferred from eq. (7), the resolution of the frequency measurement depends on the number of clock periods counted during the acquisition time (N). Since, practically, the oscillation frequency f of the circuit is determined by the resonator, the measurement accuracy can only be enhanced by increasing N through the use of a longer acquisition time and/or a higher reference clock frequency. As a consequence of these considerations, frequency resolution and measurement bandwidth will be correlated since fast acquisition will lead to lower resolution, whereas longer acquisition times will result in more accurate measurements. In order to verify the validity of these theoretical considerations, the accuracy of the reciprocal frequency counter prototype was experimentally determined by measurements performed on a MEMS resonator with resonance frequency around 308 kHz. The resonator was operated with one of the closed-loop oscillator circuits on the PCB (see Fig. 4 ) in which the output voltage of the comparator stage was connected in parallel to two independent frequency counters (one of the same PCB and one on a different PCB). The frequency counters were implemented following the general scheme of Fig. 6 by exploiting the input capture modules of the PIC32MX250 microcontroller included in the readout board, communicating with a PC by USB interface for data acquisition. The digital readout implemented in this way presented a power consumption of roughly 65 mW when using a reference clock at 40 MHz.
Sen se Ele ctro de Fig. 7 . Fluctuation observed on the differential frequency measured by two independent digital readout circuits. Frequency difference [Hz] In this experiment, the reference clock coming from the microcontroller was set to 40 MHz and the frequencies, calculated according to eq. (6), were acquired independently and simultaneously by the two identical frequency meters. Afterwards, the difference between frequency values acquired in simultaneous measurements was calculated and plotted as a function of measurement time. On this plot, a quantized frequency fluctuation was observed, as shown in Fig. 7 . Such fluctuation is expected to be completely independent of analog effects deriving from the oscillator phase noise or drift phenomena, which are cancelled on the differential signal since the same oscillator was used for the two acquisition channels and the measurements were performed simultaneously. This is also confirmed by the observed quantization of the noise, which is expected to be determined by the accuracy limitation of the frequency counter, as described by eq. (7). In Fig. 8 , the maximum fluctuation observed on the differential frequency over time intervals of 800 s with acquisition times ranging from 1 to 315 ms is reported and compared with the theoretical estimation obtained with eq. (7).
As can be seen from the plot, a good match between experimental and calculated data is obtained. Quite evidently, the frequency resolution limit steadily decreases by increasing acquisition time, in accordance with eq. (7), and a relative accuracy of 1 ppm on frequency measurement (corresponding to roughly 0.3 Hz) is obtained with an acquisition time around 25 ms.
IV. TESTING
The mechanical behavior of the resonator can be described by the motion equation of a mass-spring system, characterized by the resonator equivalent mass, its spring constant and a damping coefficient accounting for mechanisms of energy loss during oscillation [26] . From such equation, electrostatic flexural resonators operating close to their mechanical resonance frequency can be modeled as an equivalent electrical circuit constituted by a Rm, Lm, Cm series (called motional parameters) and a parallel feedthrough capacitor C0, describing the intrinsic capacitance of the resonator electrodes and the overall parasitic effects (Fig. 9 ). The motional parameters of the resonator can be expressed as [27] :
where meq is the equivalent mass of the resonator, ω0 its resonance frequency, Q the mechanical quality factor (defined as the ratio of the amount of energy stored and the one lost in one vibration cycle of the resonator), and η the electromechanical coupling factor given by:
where VDC is the DC bias voltage applied between the mobile and fixed electrodes of the resonator, A the electrode area and d the electrostatic coupling gap.
In order to properly operate the resonator in closed loop, the AC current flowing on the Rm, Lm, Cm series in the circuit of Fig. 9 should be maximized with respect to the one on the parallel feedthrough capacitance C0. Since, for ω = ω0, the impedance of the Rm, Lm, Cm series is purely resistive, Rm should be minimized to this purpose. A very effective way to minimize Rm is designing resonators with small coupling gap d since, as can be derived by combining eqs. (9) and (11), Rm is proportional to d 4 . When the motional impedance is low with respect to the one associated to the parallel feedthrough capacitance C0, a high resonance peak is observed in the open-loop characteristics of the resonator. Open-loop measurements were exploited to determine the equivalent electrical parameters expressed by eqs. (8)- (11) on the fabricated prototypes.
A. Open-loop testing
The manufactured devices were tested by wafer-level open loop measurements using a setup composed by a network analyzer (Anritsu MS2036C) and a transimpedance amplifier based on OPA656 from TI (Fig. 10) .
In the measurements, the two fixed electrodes of the resonators were electrically shorted together and connected to a small-signal AC voltage, added to a proper DC bias through an external bias tee, and the resulting AC current on the mobile electrode was measured after being converted into a voltage by the transimpedance amplifier. In such oneport setup, the beams of the resonators were forced to oscillate in opposite direction (corresponding to the out of phase resonance mode shown in Fig. 11 , calculated from finite-element simulations by COMSOL® [28]).
A consistent number of devices (about 400) on a processed wafer were tested in open-loop with the described setup in order to investigate the yield of the fabrication process, which was found to be above 90%. The measurements were realized at wafer level by means of an automatic probing system using RF tips to reduce off-chip parasitic capacitances. In particular, resonators with beam widths in the range 4÷5.5 µm, beam lengths from 220 to 380 µm and nominal coupling gap before narrowing of 1.5 and 2 µm were measured to calculate the yield of the process.
The same measurements were also utilized to determine the electromechanical characteristics of the resonators. Low feedthrough capacitance and resonance peaks up to 25 dB above the feedthrough baseline were measured for a DC bias voltage of 5 V. In particular, the resonators with tine width Wt of 4 um coupling gaps Wg of 1.5 µm showed the best performances in terms of motional resistance and Q factor. Moreover, the length of the beams turned out to impact the resonators' performances with particular concern to nonlinear effects, since the longer beams showed pronounced nonlinearities even at low AC driving voltages. For this reason, resonators designed with a tine length Lt of 300 m, tine width Wt of 4 µm, and nominal coupling gap Wg of 1.5 µm were chosen to be employed in the closed loop configuration, in order to enable the use of sufficiently high AC driving voltages and consequently increase the motional current on the devices, avoiding nonlinear effects. The open-loop admittance amplitude spectra measured on a resonator prototype corresponding to this geometry and obtained using different DC bias voltages are shown in Fig. 12 . The corresponding electromechanical parameters, extrapolated by the experimental data for a VDC = 3 V, are reported in Table II. In order to determine such parameters from the open-loop measurements, the following formulae were utilized [29] : where fs and fp are the series and parallel resonance frequencies, respectively corresponding to the maxima and minima of the open-loop spectra reported in Fig. 12 .
In the extrapolation procedure, the feedthrough capacitance C0 is first determined by setting the DC bias of the resonator to zero and fitting the open-loop measurement acquired in this condition by modeling the device with C0 only. Once determined C0 by the best-fit of the measured spectrum for VDC = 0, the contribution of the feedthrough capacitor is subtracted from the admittance spectra measured for nonzero values of the DC bias, in order to derive the net contribution of the Rm, Lm, Cm series to the resonator admittance. From this processed spectrum, the resonator quality factor is calculated from the Full Width Half Maximum (FWHM) of the resonant peak. Starting from the values of C0 and Q determined in this way, all the other parameters expressed by eqs. (12)- (14) can be calculated from the series and parallel resonance frequencies fs and fp derived from the raw spectra (Tab. II).
The quality factors obtained from the measurements in this way were in the range 10,000-30,000, depending on the resonator geometry. In determining the quality factors, measurements with DC bias levels around 3 V were utilized in order to maintain the resonator in linear regime of operation. By comparison with similar measurements performed on unpackaged resonators within a macroscopic vacuum chamber, the vacuum level within the LPCVD encapsulation was estimated to be around 120 mTorr. In such vacuum conditions, the squeeze film air damping between the actuation electrodes of the resonator is expected to be unimportant, whereas the thermoelastic damping due to the deformation of the mechanical structure during vibration will be dominant. This was confirmed by the dependence of the Q factors measured on the geometry of the differently designed resonators, particularly on tine width. Since the device layer of the SOI substrate is essentially free of residual stress, the resonant frequencies and Q factor values on the devices showed a very small dispersion on the wafer area, with a repeatability level around few percent on identical devices on different positions on the wafer. The residual stress of the polysilicon/Si3N4 encapsulation, in this respect, is not expected to have a direct impact on the performance of the device since it is anchored to the bulk substrate and consequently mechanically decoupled from the resonator.
B. Load tests in closed loop
When the DETF resonator is subjected to strain, its mechanical resonance frequency changes. For small deformations, such resonance frequency variation Δf can be expressed as [30] : 
where l, w are respectively the length and width of the DETF tines and ε is the axial strain. In order to estimate the strain sensitivity of the resonators, a four-point bending test setup was utilized (Fig. 13) , consisting of a 2 mm thick steel bar onto which the resonator chip was bonded by epoxy glue (Torr Seal from Varian).
As shown in Fig. 13 , a controlled force was applied on the bar according to the four-point bending test standard, using calibrated weights on a thin U-shaped steel support, able to apply a load within two 1 mm wide areas transversally distributed on the whole bar width, which can be approximated as a force applied on two linear pins placed on the bar in transverse direction. During the load tests, the bar was sustained by two cylindrical supports on which the bar was left free to slide and rotate.
From theoretical considerations, the axial strain ε generated on the inner part of the bar with respect to the linear loading pins in such bending setup is expected to be constant and approximately described by the following formula [31] : where F is the total force applied to the steel beam on the loading areas, modeled as linear pins, a the distance between the loading and supporting pins (5 cm), d and b the thickness (2 mm) and width (7 cm) of the bar respectively, and E steel Young's Modulus.
The validity of eq. (16) was verified by measuring the strain generated on the bar by loading the bending setup using a commercial metal strain gauge from Vishay attached to the bar by cyanoacrylate glue. The experimental results were found to be in good agreement with the theoretical prediction of eq. (16) assuming E = 196 GPa.
The bending tests on the resonant strain sensor were performed by applying increasing loads on the bending setup and measuring the induced frequency shift on the bonded resonator operating in closed loop compared to the unstrained condition. A typical result obtained in these tests on the resonator geometry of choice is reported in Fig. 14, using eq. (16) to calculate the applied strain, in which negative values are utilized for compressive strain. From the slope of the curve, a sensitivity around 164 Hz/με can be estimated.
Such sensitivity is referred to the strain generated on the bar, while the one on the sensor is expected to be lower due to strain transmission limitations of the steel support/glue/silicon chip system. From finite-element simulations performed with COMSOL® [28], the expected sensitivity of the plain resonant sensor turned out to be around 180 Hz/με. This value is reasonably in line with the experimental results, even though the effect of the structure bending and the strain transmission from the bar to the sensor should be also taken into account. From other simulations performed on the steel/glue/silicon system, the strain transmission ratio was actually observed to increase by decreasing the thickness of the silicon chip, while the thickness of the glue layer was less influential.
Compared to previous results obtained using DETF devices with hybrid vacuum packaging [22] , the sensitivity obtained here is remarkably higher. This result is partly due to design optimization of the resonators but also to the fact that the chip-level packaging does not introduce any significant stiffening on the sensor or on the structure under measurement. This was not the case with the previously proposed hybrid packaging technique which was based on rather bulk steel capping structures sealed by vacuum glue [20] . Other advantages coming with the use of the thinfilm encapsulation are the enhanced durability of vacuum and the allowed miniaturization of the devices in on-field applications.
In order to derive the resolution of the strain sensor, the frequency noise of the MEMS oscillator/frequency counter system needs to be estimated. In Fig. 15 , the frequency noise observed using an acquisition time of 75 ms on the frequency meter output and a 40 MHz reference clock is shown by way of example. As can be observed, noise is dominated by the digital error of the frequency counter, which overwhelms the phase noise of the MEMS oscillator.
The strain resolution limit of the resonant sensor was estimated by calculating the maximum frequency jitter observed over an interval of 10 sec and reporting this value to an equivalent strain using the sensitivity calibration As can be observed, the curve is similar to the one obtained in the differential frequency noise test previously discussed and reported in Fig. 8 . This confirms that the digital noise introduced by the frequency meter is dominant over the oscillator phase noise on the whole range of acquisition times investigated. Consequently, a linear decrease of the strain resolution limit is obtained increasing the acquisition time of the frequency meter, and a resolution around 150 pε is obtained with the maximum acquisition time investigated of 315 ms.
Such result was also supported by the calculation of the Allan deviation on the MEMS oscillator-frequency counter system, reported in Fig. 17 versus averaging time. As can be observed from the plot, the system shows Allan deviation values below 10 -7 with averaging times larger than 200 ms and the curve is linear due to the prevalence of the frequency jitter coming from the quantization error of the digital counter. This confirms that phase noise effects are not significant even in the higher Taq points reported in the strain resolution curve of Fig. 17 , derived from straightforward observation of the frequency jitter on the sensor signal.
Further tests were carried out in order to investigate the high-strain behavior of the sensors, which is expected to be affected by the shear strength limit of the epoxy glue utilized to bond the sensor to the steel specimen. In such tests, Torr Seal glue was utilized as well, applying increasing loads on the bending test setup of Fig. 13 up to the appearance of an irreversible change on the sensor sensitivity, in order to determine the maximum detectable strain measurable with the resonant sensor.
The result of such test is reported in Fig. 18 . As may be observed, the low-strain sensitivity characteristic shown in Fig. 14 is maintained up to strain levels around 115 µε. After applying the maximum strain level of 250 µε, a visible loss of sensitivity is observed in the plot. Subsequent measurements confirmed that the observed effect was irreversible, most probably owing to a failure of the epoxy glue for excessive shear stress application on the bonding interface.
V. DISCUSSION
In order to compare the results obtained with the resonant sensor to conventional metal strain gauges, the NES of a 120 Ω resistive gauge with GF = 2.1 and in a balanced Wheatstone bridge with Vdd = 3 V connected to a low noise instrumentation amplifier (AN163 from TI with gain set to 10) was calculated by Pspice simulation, taking into account Johnson and Flicker noise coming from the resistors and the amplifier.
The simulated noise spectral density was then integrated on a range compatible with increasing measurement acquisition times, in order to obtain a strain resolution limit/measurement time plot similar the one measured on the resonant strain sensor. The result obtained is reported in Fig. 19 , in which the simulated curve for the conventional strain gauge and the measurements on the resonant strain sensor prototype are compared. As can be observed, a better trade-off between resolution and measurement bandwidth is obtained using the resonant strain sensor, with an improvement factor larger than one order of magnitude on resolution limit for acquisition times above 5 ms. It is worth noticing that the result shown is obtained starting from a best-case calculation of the noise on the conventional strain gauge since the effect of electromagnetic interferences and power supply noise were not taken into account in the model. Such effects are well known to decrease the noise performance of resistive sensors in real world applications, compared to the sole effect of Flicker and Johnson noise considered in the calculation.
Another important consideration concerns the fact that, as reported previously, the resolution of the resonant strain sensor in the range of measurement times of interest for most practical strain measurements is limited by the performance of the frequency meter. This means that the resolution of the sensor could be improved by simply adopting a more advanced circuit solution for digital frequency measurement, such as low-frequency modulation techniques of the oscillator signal in order to reduce the error expressed by eq. (7) [32] .
Concerning power consumption, since no DC current needs to be employed in the resonator, it is almost completely due to the electronic readout. In the present prototype, PCB implementation of the analog circuit for closed-loop operation of the resonator is responsible for the remarkable power consumption of 12 mW per sensor. Possible integration of such analog readout on Application-Specific Integrated Circuit (ASIC), as already presented for MEMS reference clocks [33] , is expected to provide large benefits in terms of power consumption. Referring to the digital part of the readout, which is responsible for the highest power consumption due to the presence of the microcontroller (65 mW), some power saving could be obtained by implementing the reciprocal digital frequency counter by FPGA technology using a properly designed circuit employing a minimum number of digital components in place of the microcontroller. Even larger improvements could be achieved by integrating the digital readout on the same ASIC using a mixed signal CMOS technology.
VI. CONCLUSIONS
Resonant strain sensors manufactured by SOI MEMS technology with wafer level vacuum encapsulation have been presented. The devices, constituted by parallel-plate DETF flexural resonators, were characterized in open loop in order to determine the process yield, which was found to be above 90 %. Thanks to the resonator design, with particular concern to the scaling of the electrostatic coupling gap of the electrodes, low values of the motional resistance on the devices were obtained for DC bias voltages below 5 V and mechanical Q factors up to 30,000 have been measured.
Resonators with a tine length of 300 µm, tine width of 4 µm and nominal coupling gap of 1.5 µm were selected for the closed-loop tests performed using a PCB readout electronics implementing a transimpedance MEMS oscillator integrated with a microcontroller-based reciprocal frequency meter, yielding strain sensitivity on steel of 164 Hz/µε and a strain resolution limit of 150 pε, obtained for a measurement time of 315 ms. Bending tests in the high-strain regime up to 115 µε were successfully performed with the MEMS sensors bonded on steel by epoxy Torr Seal glue showing the same sensitivity measured for low strain levels, whereas a failure of the adhesive bonding and a consequent irreversible decrease in sensitivity was observed by applying a strain level around 250 µε, probably owing to excessive shear stress on the glue. Possible improvements of the sensor dynamic range may be expected by using higher shear strength glues for the silicon/steel bonding.
The strain resolution limit of the resonant sensors utilized with the described readout was found to be completely determined by the digital noise introduced by the frequency meter, showing a linear dependence on the inverse of the acquisition time utilized in the measurements. For this reason, further improvements on the strain resolution of these sensors are expected from the possible adoption of more advanced frequency metering techniques in the readout.
APPENDIX
The detailed scheme of the analog circuit utilized for the closed-loop operation of the resonant strain sensor is reported in Fig. 20 for the interested reader.
